Introduction
The ability of freshwater algae to move in response to light is critical to their survival (Wakabayashi et al. 2011 ). The flagellum is a primitive locomotory device common to protistan cells, but organisms devoid of flagella also developed photomovements to optimize their photosynthetic efficiency (Melkonian 2012) . In subcellular level, chloroplast movement is the most studied model. Chloroplast movement can maximize light harvesting under energy-limited conditions (Zurzycki 1955 , Wada et al. 2003 , but also acts as a means of protection from excess energy in strong light (Park et al. 1996 , Kasahara et al. 2002 , Sztatelman et al. 2010 . In terrestrial angiosperms only the blue light receptor, phototropin, regulates this movement (Suetsugu and Wada 2007) . The chloroplast movement in filamentous green alga Mougeotia is controlled not only by phototropin but also by the red light receptor phytochrome (Haupt 1999 , Banaś et al. 2012 . Accumulating evidence indicates that redand blue-light sensitive responses often interact with each other in downstream signaling pathways (Kasahara et al. 2004 , Jaedicke et al. 2012 . Microfilament and microtubule are the most important mechanical effectors for chloroplast movement. Recent studies have shown that the mechanics of chloroplast motility also includes other elements, such as chloroplast actin (cp-actin), myosin and chloroplast unusual positioning protein 1 (CHUP1) (Oikawa et al. 2003 , Suetsugu et al. 2010 , Suetsugu et al. 2012 , Kong and Wada 2014 .
Little is known about the photomovement at the cellular and organism level of non-flagellated algae. Filament motility in Spirogyra was observed more than a century and a half ago (Hofmeister 1874) , but the basic underlying mechanisms is still unknown. Hofmeister (1874) proposed that the movement of filament bundles of Spirogyra resulted from differential elongation of cells; it took almost a century to show that filament motility is not the result of cell elongation (Yeh and Gibor 1970) . They suggested that the rotation and nutation of fragmented filaments of Spirogyra might occur due to the secretion of mucilage from the cells. Other studies have reported diurnal aggregating movement and a phototropic response of Spirogyra filaments (Ojima and Tanaka 1970, Tanaka et al. 1986) , with the phototropic movement assumed to occur only at certain times of a day (Tanaka et al. 1986 ). In a previous study, we showed that there is no diurnal rhythm in the photomovement of Spirogyra, and suggested that mucilage secretion is not the cause of movement (Kim et al. 2005) . We elaborated the nature of the photomovement of Spirogyra filament bundles, demonstrating that it is achieved through a combination of several different movement types occurring simultaneously. Although it has been demonstrated that a blue-light receptor (peak at 470 nm) is involved in this movement, the photoreceptors, the signaling pathway as well as the mechanical effector are all unknown.
The physiological and molecular aspects of photomovement in filaments of S. varians are similar to the phototropic responses of higher plant in being mediated by photoreceptors and showing typical curved shape. In this study, we examined the photomovement of S. varians under the influence of various inhibitors of photoreceptors and cytoskeletal molecules, and analyzed movement patterns using time-lapse videography combined with motion image analyzing systems. The photoreceptors and signaling pathways similar to those of chloroplast relocation were involved in the filament movement of S. varians.
Results
When the filaments of S. varians were incubated in the dark, they settled to the bottom and distributed randomly. Within 2 h after transfer to white light, the filaments began to aggregate and form a tangled mat ( Fig. 1A ; Supplementary video S1). As the peripheral region of the mat began to roll up toward the light source, the mat became more and more compact in shape. On the upper surface of the mat, many bundles of filaments arose toward the light source and exhibited slow undulating movement (Fig. 1B, C) . The bundles often aggregated into thicker bundles, and these thicker bundles moved more quickly. The tip of filament bundle kept moving in different directions over time (Fig. 1C) . Similar pattern of photomovement was observed in blue light. In red light, the filaments aggregated and formed a tangled mat, but the undulating movement of bundled filaments was not observed (Supplementary Fig. S1 ).
When the movement of single fragments (1-10 cells long) was observed the movement pattern was much simpler than that of the whole filament (Fig. 2) . Morphological change of each fragment was determined by measuring inner angles of the fragment (Fig. 2A) . The fragmented filaments did not show any gliding movement regardless of light condition. The phototropic curvature was observed using a single-cell fragment under different light conditions (Fig. 2B, C) . Under white light, the fragments bent towards the light with intermittent twitching movement (Fig. 2B, left) . Under blue light, the fragments bent markedly towards the light (Fig. 2B, center) . In red light, the fragments showed irregular shape change-i.e. weak bending or undulating (Fig. 2B, right) . The phototropic curvature was more pronounced in blue light (17.6 ) compared to white (10.5
) and red light (3.7 ) when the cells were exposed to the light for a same period (Fig. 2C) . The phototropic curvature under blue light was more conspicuous in larger fragments (Fig.  2D, E) .
A change in the movement pattern was observed when the filaments were transferred from the dark to different light conditions (Fig. 3A) . When the filaments were transferred from dark to far-red light, little movement was observed. They were unbent and scattered on the bottom of the micro-container ( Fig. 3B; Supplementary video S2) . The filaments bent markedly into irregular shapes soon after the change to red light (Fig. 3C, D) . When the light was changed back to far-red all the filaments quickly became unbent again (Fig. 3E) . The movement was most active at the moment when the light was just changed from far-red to red, and again from red to far-red (Fig. 3F ). There were little changes in cell length (2-4%) during this bending and unbending response induced by sequential irradiation from far-red to red or red to far-red light. When the filaments were not pre-incubated in far-red light, filaments showed much slow undulating movement in red light (Fig. 4A) . The angle of each cell in a filament was measured at 12 h after exposure to red light (Fig. 4B) . Each cell showed different curvature angle, and even neighboring cells often curved to different directions (Fig. 4C) . When the light was changed from red to blue, the irregularly bent filaments became unbent and the filaments bent again towards the light (Fig. 4D) .
Phototropin-signaling inhibitors, wortmannin and LY294002, were treated and the angle of phototropic curvature was measured in blue and red light (Fig. 5) . Wortmannin and LY294002 effectively and reversibly inhibited blue-light movement (Fig. 5A ), but did not affect red-light movement at all (Fig. 5B) . Cytoskeletons in S. varians were observed using Supplementary Fig. S2 ). Fluorescent-phallacidin staining showed many thick microfilaments distributed parallel to the long axis of S. varians cell ( Supplementary Fig.  S2A ). When the cells were treated with cytochalasin D, microfilaments were not visible ( Supplementary Fig. S2B ). Microtubule distribution in non-dividing cell was vertical to the long axis of the cell, except in the area around the nucleus ( Supplementary Fig. S2C , arrow). When the filament was treated with oryzalin, no microtubule was observed (Supplementary Fig. S2D ). Inhibition experiments on the mechanical effectors of photomovement were carried out using the same inhibitors used in fluorescent microscopy (Table 1; Fig. 6 ). The red-light movement was not affected by treatment with cytochalasin D, but was blocked by oryzalin treatment ( Fig. 6A ; Supplementary video S3). The blue-light movement was partially inhibited by the single treatment of either cytochalasin D or oryzalin, but was completely blocked when both chemicals were applied together (Fig. 6B) . Photomovement recovered rapidly when inhibitors were washed out ( Fig. 6B ; Supplementary video S4). The inhibitory effect was measured using the angles of fragments, and the same inhibition and recovery was observed in fragmented filaments too ( Supplementary Fig. S3 ).
A calcium channel blocker, caffeine, reversibly blocked the photomovement of filaments (Fig. 7A) . The photomovement was measured in blue and red light with the treatment of various calcium inhibitors (Fig. 7B, C) . The external calcium inhibitors, EGTA and nifedipine, did not show any effect, but caffeine could reversibly inhibited the photomovement in blue light (Fig. 7B) . Red-light movement was not affected with any of above calcium inhibitors (Fig. 7C ). Blue and red-light movement was not affected by osmotic conditions. The movement pattern of whole filament as well as fragments was not affected by changes in external osmotic conditions at various concentrations of glucose (50-200 mM) and NaCl (10-100 mM) ( Supplementary Fig. S4 ).
Discussion
The photomovement of S. varians has several novel features, namely (1) the filaments exhibit complicated swaying and undulating movement under white light, and respond differently to red and blue light, (2) the photomovement is regulated by the combination of two photoreceptors, a phytochrome and a phototropin-like receptor and (3) both microtubule and microfilament are mechanical effectors of this movement. Red-light movement was mediated only by microtubules, while blue-light movement was alternatively mediated either by microtubules or microfilaments. Red light induced irregular bending of filaments, but the filament rapidly became unbent by short exposure to far-red light. The shape change induced by red light could be overridden by the exposure to blue light which induce phototropic bending. The inhibitors for downstream signaling agents, such as phosphoinositide 3-kinases (PI3K) or Ca 2+ , blocked only the blue-light movement suggesting that red-light movement does not share the signaling pathways. Our hypothesized regulatory pathways for photomovement of S. varians are shown schematically in Fig. 8 . The phototropic movement of S. varians is different from that of higher plants, as the latter is the result of cell division and elongation, the former being the result of accumulated morphological changes due to the direct movement of cells. The photomovement of S. varians has many analogous features to the chloroplast-relocation movement of the moss, Physcomitrella patens, in regulatory pathways and machineries for the movement (Sato et al. 2001 ). In P. patens, chloroplast relocation is controlled by both blue and red light and microtubule acts as an important mechanical effector for both light signals. Three regulatory pathways were reported in P. patens; a phototropin-mediated microfilament pathway and a microtubule pathway, and a phytochrome-mediated microtubule pathway (Sato et al. 2001 , Kasahara et al. 2004 ). S. varians has similar pathways with phytochrome and phototropin, and both photoreceptors using microtubule as a mechanical effector although microfilaments are additionally needed for blue-light movement (Fig. 8) . Our results using single-cell fragments showed that the phototropic curvature measured in white light was not the sum of those in blue and red light and the movement was much smaller than that in blue light. These results suggest that blue light movement was disturbed by red light movement, and hence the phototropin-mediated regulation and phytochrome-mediated regulation on microtubules are not mechanically synergistic.
Red-light response of S. varians is red/far-red reversible, indicating that phytochrome is mediating this movement. Chloroplast relocation in higher plant is regulated by phototropin and using only microfilaments as a machinery, and phytochromes are known to play only a modulatory role in this movements (Kong and Wada 2014) . It has been reported that the avoidance movement of chloroplast was enhanced in Arabidopsis plants lacking phytochrome (DeBlasio et al. 2003 , Luesse et al. 2010 ). In the freshwater green alga, Mougeotia cells contain a single ribbon-shaped chloroplast which rotates to expose its face to optimum light levels. The weak light-induced rotation of Mougeotia chloroplasts can be mediated either by a phytochrome or phototropin, but the strong light avoidance is regulated by an interaction of the two receptors (e.g. Haupt 1999 , Banaś et al. 2012 . A neochrome gene which contains both phytochrome and phototropin domains have also been found in Mougeotia, but the involvement of this chimeric photoreceptor in the chloroplast movement has not been demonstrated (Suetsugu et al. 2005) . Some other freshwater algae also show red/far-red reversible chloroplast movement (e.g. Haupt 1999 ). This movement is different from the random trap movement in which chloroplasts move together by cytoplasmic streaming and slow down if they come by an irradiated site (Haupt and Scheuerlein 1990) . At the moment, little is known for the regulation pathway and machineries of red-light-induced movement in freshwater algae, even in the well-known Mougeotia model (Banaś et al. 2012) . Phytochrome synthesis occurs in dark and/or far-red condition, and red-light response becomes more pronounced after long incubation in the dark or far-red light (Kircher et al. 2011 , Li et al. 2011 . Our results showed that the filaments undergo fast bending/unbending movement in response to red/far-red light change suggesting that phytochrome mediates red-light response in S. varians.
Blue-light-induced movement in S. varians appears to be mediated by a phototropin-like receptor. Previous actionspectra study showed peak at 470 nm in the photomovement of several Spirogyra species, supporting this hypothesis. Phototropins are blue-light receptors controlling a range of photomovements that serve to optimize the photosynthetic efficiency of plants (e.g. Christie 2007 ). In the green alga Mougeotia scalaris, two phototropins, MsPHOTA and MsPHOTB, differentially mediate the blue-light-induced A B Fig. 5 Inhibition experiment on photomovement in S. varians using phototropin-signaling inhibitors. Phototropic movement was measured using angle change in fragmented filaments. (A) Phototropic movement in blue light was blocked when the fragments were treated with wortmannin or LY294002. The movement was recovered after washing off the inhibitors. (B) Photomovement in red light was not blocked either with wortmannin or LY294002. The average angle of curved filament were measured after treatment (white diamond), and measured again at 6 h after wash (black square). chloroplast movement (Suetsugu et al. 2005) . Phototropins were identified also in a flagellated green algae, Volvox carteri and Chlamydomonas reinhardtii (Huang et al. 2002 , Prochnik et al. 2010 . Algal phototropins share only 30-40 % of sequence identity with higher plant ones, but has been reported to have similar signal-transduction pathway to that of higher plant (Kianianmomeni and Hallmann 2014) . The inhibition of bluelight movement by wortmannin and LY294002, supports that phototropin mediates blue-light movement in S. varians (Fig. 8) . Wortmannin and LY294002 are non-specific covalent inhibitors of PI3Ks which are signaling proteins of the downstream phototropin-signaling pathway (Aggarwal et al. 2013) . Our inhibition experiment showed that wortmannin and LY294002 could reversibly inhibit blue-light movement. Redlight movement was not affected by these inhibitors suggesting that PI3Ks are not involved in phytochrome signaling pathway. It is essential to characterize molecular structures of the photoreceptors and downstream signaling components to understand these regulation pathways in detail. Microtubules and microfilaments are major mechanical effectors of cellular movement. Previous studies showed that these cytoskeletons are involved in rhizoid morphogenesis in Spirogyra (Yoshida et al. 2003 (Yoshida et al. , 2009 . Photomovement in S. varians offers a good model to study the interaction between these mechanical effectors. Blue-light movement in S. varians was completely blocked when cytochalasin D and Oryzalin were applied together, while the movement was only partially inhibited by single treatment of either inhibitors. These results suggest that blue-light movement may be the sum of microfilament-and microtubule-mediated movements. Red-light movement uses only microtubules as mechanical effector, but the direction of force is not always the same as that of blue-light movement. Red light induces irregular shape change, and the cells belong to a same filament often curve to different directions in red light. This may explain why S. varians filaments show weaker phototropic curvature in white light than in blue light. Different orientation of microtubules and microfilaments in a cell may also affect the direction of force. It is not surprising that S. varians shows such a complicated movement in a natural light because the driving force of filament movement should reflect a gross sum of all these micro-movements regulated by two different photoreceptors.
The downstream secondary signals are important in the regulation of mechanical effectors. Our results showed that calcium inhibitors could reversibly block blue-light movement suggesting that microtubules as well as microfilaments are regulated by calcium signal. Calcium is a ubiquitous secondary messenger of cellular responses in both animal and plant systems (Petersen et al. 2005) . Signaling mechanisms in cells are based on the generation of brief pulses of Ca 2+ which enable calcium to act as a messenger (Trump et al. 1984) . Studies using higher plant models have revealed the significance of Ca 2+ in various light responses including blue-light movement mediated by phototropins (Banaś et al. 2012) . In these responses, calcium acts as a secondary messenger downstream of PI3K and/PI4K signaling (Anielska-Mazur et al. 2009 , Aggarwal et al. 2013 , which supports the notion that Fig. 7 Effects of calcium inhibitors on photomovement in S. varians. (A) The photomovement was completely blocked with caffeine treatment, and rapidly recovered when caffeine was washed out. (B) Effects of EGTA, nifedipine and caffeine on photomovement in S. varians measured with angle change of fragmented filaments. The blue-light photomovement was significantly blocked with caffeine treatment, but recovered when caffeine was washed out. (C) The red-light photomovement was not significantly affected by any of the above treatment. The average angle of bended filament were measured after treatment (white diamond), and measured again at 6 h after wash (black square).
phototropin activation results in changes in Ca 2+ concentration. Calcium signaling has been reported in light responses of freshwater algae (Weidinger and Ruppel 1985 , Stenz and Weisenseel 1986 , Russ et al. 1991 . The role of calmodulin in the movement of Mougeotia chloroplast has been reported (Wagner et al. 1984) , but the details of the signaling mechanism have not been established. Chloroplast relocation of Mougeotia was reported to be regulated by internal calcium stores not by external calcium levels or calcium channels (Schönbohm et al. 1990 ). Calcium signaling in S. varians was similar to Mougeotia because the photomovement of S. varians was reversibly inhibited by caffeine. Caffeine is different from EGTA or nifedipine in affecting internal calcium stores rather than calcium channels (Banaś et al. 2012) .
One of the most intriguing questions for photomovement in S. varians is how mechanical effectors inside cells could generate directional movement of whole filament. The filament movement of S. varians is different from chloroplast relocation in higher plant which is a subcellular reaction. For cellular and organism level of movement, plants evolved turgor-pressuredriven movements like leaf positioning/expansion and stomatal opening (Dale 1988 , Okazaki 2002 , Roelfsema and Hedrich 2005 . Although our results showed that the photomovement of S. varians was not affected by external osmorality, turgor pressure inside cell is not always affected by the changes of external osmotic condition. It is still possible that photomovement in S. varians is controlled by a coordination of cellular mechanical effectors and turgor pressure. Little changes in cell and fragment length were observed during the bending and unbending response induced by sequential irradiation from red to far-red light suggesting that this response is the result of mechanical movement not a cellular growth. Downstream proteins which bind and interact with microtubules and microfilaments may give a clue on the mechanism of interaction between these mechanical effectors with cell wall. In higher plant, myosin and actin are potential targets of blue-light-generated signals that set chloroplasts into directional motion. Myosin was added as a mechanical effector for the photomovement on the basis of investigations using polyclonal antibodies against plant myosin and/or animal myosins (Krzeszowiec and Gabrys 2007) . We could not confirm the involvement of myosin in photomovement as commercially available antibodies failed to stain myosin in S. varians cells. The function and involvement of other mechanical effectors, such as cp-actin and CHUP1, also need to be specified. Our results provide an example that photoresponse at cellular/organism level can be driven by signaling pathways and mechanical effectors similar to those of subcellular level reaction.
What is the benefit of photomovement in Spirogyra filament? The filaments start moving only when they are exposed to certain level of light and the movement is most active in moderate light intensity (Kim et al. 2005) . The photomovement of S. varians may help the filaments to optimize their photosynthetic efficiency, because ceaseless movement of filaments will give more exposure chance to all filaments in a mat. It is also possible that the synchronized movement of filaments in a bundle may enhance conjugation chance in Spirogyra filaments. For successful conjugation, the filaments have to align parallel and stay close to each other (Yoon et al. 2009 ). Many questions still remain to understand mechanism of the photomovement in S. varians; the gene structures of the photoreceptors, cytoskeletal associated proteins and the components of downstream signaling pathways should be revealed.
Materials and Methods

Plant materials
Spirogyra varians was collected from several shallow ponds in Kongju, Korea (36 20 0 34 00 , 127 12 0 28 00 ). Collected samples were cleaned and cultured in DP11 medium (Klochkova et al. 2017) 
Observation of photomovement
To observe photomovement of bundled filaments, 1-5 g (wet weight) of plants were scattered in a glass container (20 Â 25 Â 50 cm), and were exposed to fluorescent light (Osram FL-60 SW, Yongin, Korea) from above. For microscopic observations, S. varians filaments were fragmented to 1-10 cells each and observed in a micro-container (0.5 Â 1.2 Â 1.2 cm) placed on the stage of an inverted microscope with the monochromatic light sources placed at the side of stage (Supplementary Fig. S5 ). For the monochromatic light, an LED system with blue, red, and far-red lights was used. The LED system consisted of 400 diodes, and a main controller for maintaining the photoperiod and light intensity. Each LED diode emitted a narrow band of monochromatic light. Spectral distributions of blue (peak at 470 nm), red (peak at 650 nm), or far-red (peak at 720 nm) regions, were determined with a spectroradiometer (Li-1800, Li-COR, Lincoln, NE, USA) in the range of 300-1100 nm as described previously (Kim et al. 2005) . The filaments were exposed to various combinations of the unilateral lights at room temperature. The dosage of the light was adjusted in the range of 10-80 mmol photons Á m À2 Á s À1 depending on experimental sets by placing the light at various distances from the microscope, and the irradiance at each distance was determined using a radiometer (Minolta T-10, Konica Minolta, Tokyo, Japan). Photographs and videographs were taken using a time-lapse recorder fitted onto the inverted microscope.
Fluorescence localization of microfilaments
To visualize the actin cytoskeleton, S. varians filaments were fixed for 30 min in 3.7% (w/v) formaldehyde diluted in microfilament-stabilizing buffer (MFSB) consisting of 10 mM EGTA, 5 mM MgSO 4 , and 100 mM PIPES-KOH (pH 6.9; Microtubule is a mechanical effector for both red-and blue-light responses, but microfilament is used only for blue-light response. Traas et al. 1987) . The filaments were rinsed three times with MFSB, and then placed for 30 min in 0.5% (v/v) Triton X-100 diluted in MFSB. The filaments were then washed three times with MFSB before being placed in a staining solution of BODIPY FL phallacidin (Wieland et al. 1983 ; Invitrogen, Carlsbad, CA, USA) for 3-6 h at 4 C in the dark. FITC-phallacidin was prepared as a stock solution of 300 units Á mL À1 in methanol and was stored at À20 C in the dark. The stock was diluted with MFSB to a final concentration of 1.5 units Á mL
À1
.
Fluorescence localization of microtubules
The filaments were fixed in 3.7% formaldehyde diluted with MFSB for 30 min and then rinsed three times in the same buffer. For microtubule staining, the filaments were cut with a razor blade into small pieces (0.5-1 mm in length) and incubated overnight in the dark with the monoclonal anti-a-tubulin antibody conjugated to fluorescein isothiocyanate (Sigma-Aldrich, St. Louis, MO, USA), diluted at a 1:40 ratio in phosphate-buffered saline (PBS; 8 mM Na 2 HPO 4 , 2 mM NaH 2 PO 4 , 140 mM NaCl; pH 7.4).
Inhibition Experiment
Four categories of potential inhibitors of photomovement were used in this study: Inhibitors for PI3K, cytoskeletons and calcium signaling and disruptors of turgor pressure. The information on the inhibitors and the treatment concentrations are summarized in Table 1 .
Image analysis and motion tracking
An image analysis program (Image-pro plus 7.0, Media Cybernetics, Warrendale, PA, USA) was used to identify individual filaments and measure their movement. To analyze the movement pattern, the fragmented filaments were incubated in the dark for 12 h and transferred into a micro-container placed on an inverted microscope. The movement of filaments was recorded using a time-lapse recorder while various lights were applied from the side. To measure the movement of small fragments the curved angle of each fragment was determined by the average of three angles measured from five points in a filament ( Fig. 2A) . For inhibition experiment, the average angle of curved fragments was measured at 6-12 h after incubation with the inhibitors, and recovery was measured at 6 h after wash off the inhibitors. To measure activity of whole filament movement, the video clips taken from the filament in each experimental set up were analyzed using a motion tracking system as follows: A spot was arbitrarily marked on the filaments appearing in the frame of the timelapse clip, and distance traveled by each spot in 1 min was shown as a peak in the graph. Each line in the graph represents the distance that each spot traveled for whole period of experiment. Each peak that one spot made was traced as a line graph over time. When the filaments moved more actively, the spots marked on filaments traveled a greater distance in a given time ( Supplementary Fig. S6 ). As this motion tracking system only detects the activity of the movement, not its pattern, the average of distance that each filament traveled was measured in addition.
